Plasmodium vivax Duffy Binding Protein (PvDBP) is the most promising vaccine candidate for P. vivax malaria. The polymorphic nature of PvDBP induces strain-specific immune responses, however, and the epitopes of broadly neutralizing antibodies are unknown. These features hamper the rational design of potent DBP-based vaccines and necessitate the identification of globally conserved epitopes. Using X-ray crystallography, small-angle X-ray scattering, hydrogen-deuterium exchange mass spectrometry, and mutational mapping, we have defined epitopes for three inhibitory mAbs (mAbs 2D10, 2H2, and 2C6) and one noninhibitory mAb (3D10) that engage DBP. These studies expand the currently known inhibitory epitope repertoire by establishing protective motifs in subdomain three outside the receptor-binding and dimerization residues of DBP, and introduce globally conserved protective targets. All of the epitopes are highly conserved among DBP alleles. The identification of broadly conserved epitopes of inhibitory antibodies provides critical motifs that should be retained in the next generation of potent vaccines for P. vivax malaria. 
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malaria | Plasmodium vivax | Duffy Binding Protein | broadly neutralizing | epitopes T he social and economic burden of human malaria caused by Plasmodium vivax is severely underestimated (1) . Recent studies show comparable rates of severe malaria and of mortality between P. vivax and Plasmodium falciparum in Southeast Asia (2, 3) , and frequent clinical manifestations of debilitating symptoms result in high morbidity (4, 5) . This places a tremendous burden on the healthcare infrastructure (4, 5) and imparts hidden costs in the form of decreased economic productivity and standard of living (5) . Thus, effective control methods for P. vivax malaria are desperately needed.
Both cost-effective and efficient, vaccines are among the leading avenues of intervention, and individuals living in regions with P. vivax develop naturally acquired humoral immunity that correlates with results from in vitro functional assays (6) (7) (8) (9) . A leading vaccine candidate for P. vivax is the Duffy Binding Protein (DBP) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , a parasite cell surface protein in the Erythrocyte Binding-Like (EBL) invasion protein family (14, (20) (21) (22) (23) (24) (25) (26) (27) (28) . DBP binds to the Duffy Antigen Receptor for Chemokines (DARC) on host reticulocytes through a conserved cysteine-rich Duffy Binding-Like (DBL) domain known as region II (DBP-II) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . This interaction plays a major role in establishing P. vivax invasion and infection of reticulocytes.
DBP-II engages DARC in a stepwise fashion (18, 19 ) that invokes dimerization reminiscent of PfEBA-175, another EBL family member (23) . During invasion, DBP-II binds to a single DARC molecule and dimerizes to form a heterotrimer, which then matures into a heterotetramer of a 2:2 complex of DBP-II and DARC (18, 19) . DBP-II is a three-subdomain (SD) protein, with SD2 contributing key residues for dimerization and receptor binding (19) . Duffy-independent invasion has been reported for certain isolates of P. vivax (29) ; however, these isolates contain a gene duplication of DBP, suggesting that increased expression of DBP may facilitate Duffy-negative invasion (30) .
Antibodies obtained from naturally immune individuals block DARC receptor binding and potently neutralize P. vivax invasion (7, 9) . In addition, antibodies that engage the dimer interface and/or receptor binding residues of DBL domains are potently neutralizing (9, 18, 19, 31) . Polymorphisms in DBP and the presence of multiple strains in endemic regions present unique challenges (32) (33) (34) . Analysis of 676 bp within DBP-II revealed 127 polymorphic sites with nucleotide diversity varying between 0.006 and 0.0109, resulting in 193 haplotypes (35) . These factors induce strain-specific protection rather than strain-transcending immunity, which leaves individuals susceptible to continued infection and disease (6, 9, 17, 32, 33, 36) .
There are currently two strategies for vaccine development to counteract this variation: (i) creation of a multiallele vaccine encompassing all variants encountered in endemic regions, and (ii) engineering of a single synthetic antigen lacking highly immunogenic polymorphic sites (8, 37, 38) . Both approaches necessitate the identification of globally conserved epitopes that elicit broadly neutralizing antibodies (bnAbs). A bnAb response is required for protective immunity against highly variable and polymorphic targets, including HIV (39) and influenza (40) , and will be indispensable in DBP-II vaccine design. Characterizing bnAb epitopes will ensure that these motifs are retained through vaccine design and will allow antigen engineering to enhance epitope immunogenicity and antibody affinity (41) .
Significance
Plasmodium vivax is a causative agent of malaria that results in high morbidity and mortality. P. vivax Duffy Binding Protein (PvDBP) is a leading vaccine candidate for P. vivax; however, PvDBP is highly variable, which prevents a strain transcending immune response, complicating vaccine design. Here we report the first, to our knowledge, broadly neutralizing antibody epitopes within PvDBP, and expand the known repertoire of neutralizing epitopes for this protein. The identification of broadly conserved inhibitory epitopes provides critical new motifs that should be retained in the next generation of P. vivax malaria vaccines and serve as a basis for rational structure-based vaccine design.
Three monoclonal antibodies (mAbs), 2D10, 2H2, and 2C6, block DBP from binding to erythrocytes (32) . Here we present a crystal structure of DBP-II bound to a single-chain variable fragment (scFv) derived from a potent inhibitory mAb 2D10 that identifies a specific inhibitory epitope within SD3. We established epitopes for the inhibitory mAbs 2D10, 2H2, and 2C6 and the noninhibitory mAb 3D10 by small angle X-ray scattering (SAXS), hydrogen-deuterium exchange mass spectrometry (HDX-MS), an extensive surface mutant panel, and direct protein-protein interaction studies. All three inhibitory mAbs target residues in SD3 distinct from F261-K367 in SD2, which form the dimer interface of DBP and engage . These mAb epitopes are conserved among P. vivax strains, signifying their importance as broadly neutralizing epitopes and targets of strain-transcending global protection. Taken together, our findings expand the currently known inhibitory epitope repertoire and introduce globally conserved protective targets for P. vivax vaccine design.
Results
Structure of the DBP-II/2D10-scFv Complex. We solved the crystal structure of an scFv derived from mAb 2D10 in complex with DBP-II to a resolution of 4.0 Å (Fig. 1, Table S1 , and Fig. S1 ). At this resolution, the mAb epitope can be clearly identified, because the backbone density is clear and several side chains located in the epitope are ordered (Fig. S1 ). mAb 2D10 binds to a conformational epitope composed of amino acids 413-417 and 425-441 at the end of a three-helix bundle within SD3 ( Fig. 1 and Table S2 ). All complementary determining regions (CDRs) make contacts; the heavy and light chains contribute buried surface areas of 649 Å 2 and 855 Å 2 , respectively, for a total of 1,504 A 2 . The complex has a slightly greater-than-average shape complementarity at 0.70 (average range, 0.64-0.68; perfect complementarity, 1.00) (42) . Binding of 2D10 does not change the structure of DBP-II, with an rmsd of 0.692 Å between bound and unbound DBP-II. Thus, the inhibitory effects of 2D10 are not due to disruption of the DBL fold, but rather to the epitope location and disruption of protein function.
SAXS of the DBP-II/2D10 Fab Complex. We performed SAXS analysis on the DBP-II/2D10 Fab complex ( Fig. 2A) . SAXS is an independent method for determining the structure and molecular weight (MW) of a complex. Because the SAXS data were collected on a Fab complex, we modeled the DBP-II/2D10 Fab structure by aligning a 2D10 Fab model on the scFv. The predicted scatter from the DBP-II/ 2D10 Fab structure fit the SAXS profile, with a χ 2 value of 2.30. A χ 2 value of <3 is indicative of a correct fit (43) . The MW for the DBP-II/2D10 Fab structure was 94.9 kDa by SAXS MOW (44) . This value is consistent with the mass of a complex (87 kDa) consisting of monomers of DBP-II (37 kDa) and a Fab (50 kDa). Thus, our SAXS analysis strongly validated the 2D10 epitope. The sequence identity of the entire variable heavy chain was 89%, and that of the variable light chain was 96%. CDR1, CDR2, and CDR3 of the heavy chain shared sequence identity of 86%, 100%, and 11%, respectively. The three CDR regions in the light chain were highly similar: 100% for both CDR1 and CDR2, and 67% for CDR3. These alignments suggest that mAbs 2D10 and 2H2 share antigenic determinants on DBP-II. Furthermore, mAbs 2D10 and 2H2 likely share a common B-cell ancestor during lineage development. In contrast, mAb 2C6 shared little sequence identity to 2D10 or 2H2 in CDR1 (29%) and CDR3 (0%) of the heavy chain (Fig.  S2) . CDR2 of the heavy chain had a slightly higher sequence identity of 75%. The light chain CDR2 and CDR3 were completely distinct between 2C6 and 2D10 or 2H2, whereas light chain CDR1 showed 71% sequence identity to 2D10 and 2H2. These divergent CDRs further support the idea that 2D10 and 2H2 share epitopes, whereas 2C6 engages a unique epitope on DBP.
SAXS of the DBP-II/2H2 Fab Complex Supports a Shared Binding Site with 2D10. We compared the SAXS profiles of 2H2 and 2C6 Fab complexes with the DBP-II/2D10 Fab model (Fig. 2C) . The DBP-II/2H2 Fab SAXS profile fit the DBP-II/2D10 Fab model, with a χ 2 value of 1.9. In contrast, the DBP-II/2C6 Fab SAXS profile did not fit the DBP-II/2D10 Fab model, returning a χ 2 value of 5.1 (Fig. 2D) , much higher than the significance cutoff value of 3 (43) . The 2H2 and 2C6 complexes had an estimated MW of 82.6 kDa and 77 kDa, respectively as determined by SAXS MOW (44) . This mass is consistent with the mass of a 1:1 complex (87 kDa) and indicates that the samples were not aggregated.
HDX-MS Determination of 2D10, 2H2, and 2C6 Epitopes. Anticipating that HDX-MS would show increased protection at binding sites, we analyzed the epitopes for mAbs 2D10, 2H2, and 2C6. DBP-II contains multiple disulfide bonds, and conditions were optimized to obtain complete coverage of DBP-II (Fig. S3) . The data successfully captured effects on HDX due to secondary structure elements (Fig. S3) . The majority of peptides exhibited no significant differences in deuterium uptake, as represented by peptide 443-450 ( Fig. 3 and Table S3 ); however, two identical peptides, 408-413 and 408-442, showed a clear decrease in exchange on binding of either 2D10 or 2H2 (Fig. 3 and Table S3 ). The latter peptides cover the complete epitope seen in the crystal structure of 2D10 in complex with DBP-II (Fig. 1) . The results are consistent with the SAXS data and indicate that the two mAbs engage a similar region of DBP (Fig. 2) . The complex of 2C6 with DBP resulted in a different array of peptides with reduction in deuterium uptake (Fig. 3 and Table  S3 ); these peptides include 471-478 and 479-484 (Fig. 3) , which are distinct and distant from the 2D10 epitope.
Mutation of the 2D10 Epitope Affects Binding to both 2D10 and 2H2.
The foregoing analyses revealed that mAbs 2D10 and 2H2 recognize a distinct epitope on DBP-II, which we assessed through mutational studies. Residues at the epitope center were substituted to either alanine or arginine (mutants 6 and 9, respectively). Sal-1 DBP-II and both mutants were expressed and purified, after which these proteins were adsorbed onto ELISA plates along with a BSA negative control. Both 2D10 and 2H2 recognized Sal-1 DBP-II (Fig.  4A ) but did not bind either of the mutants (Fig. 4 B and C) , consistent with the epitope seen in the crystal structure (Fig. 1) . In addition, we probed the proteins with conformationally dependent mAbs 2C6 and 3D10, which engage distinct regions of DBP-II, and found that 2C6 and 3D10 bound Sal-1 DBP-II and both alanine and arginine mutants equally well, demonstrating that all proteins used were folded correctly (Fig. 4 A-C) .
Mutational Screens Identify Critical Binding Residues for mAbs 2C6
and 3D10. Difficulties in crystallizing DBP/mAb complexes of 2C6 and 3D10 led us to pursue alternative methods to map epitopes. We created an extensive panel of DBP-II variants in which predicted epitopes (46) and surface residues were altered. Each variant was expressed, purified, adsorbed on ELISA plates, and probed with mAbs 2C6 and 3D10, using mAbs 2D10 and 2H2 as controls (Fig. 4 D-F and Figs. S4 and S5) .
Mutant 1 contains changes at residues 218 and 221-223 in the N terminus of SD1 of DBP-II. This mutant showed ablated binding to 3D10, but not to 2D10, 2H2, or 2C6 (Fig. 4D) . 3D10 is noninhibitory, with an IC 50 several orders of magnitude weaker than that of 2D10 and 2H2 (32) . The decreased potency can be attributed to the fact that this motif is not implicated in primary DARC receptor binding or DBP-II dimerization (19) .
Mutant 12 contains changes at residues 479 and 480 in the C terminus of SD3 of DBP-II and shows ablated binding to 2C6, but not to 2D10, 2H2, or 3D10 (Fig. 4E) . The loss of binding in this mutant is consistent with the HDX-MS results for 2C6. The mutated site is on a different face of the SD3 helical bundle compared with 2D10 and 2H2, and is located on the end closer to SD2.
Curiously, one of the mutants, mutant 8, showed preferential ablation of 2H2 binding over 2D10 binding (Fig. 4F) . Mutant 8 contains altered residues N-terminal to amino acids changed in mutants 6 and 9 ( Fig. S4 ). This demonstrates that 2D10 and 2H2 do not have identical epitopes, but instead share overlapping binding regions on DBP-II.
Antibody Competition ELISA Validates Mapped Epitopes. We performed competition ELISAs with mAbs 2D10, 2H2, 3D10, and 2C6 to assess their ability to compete with immobilized 2D10 for binding to DBP-II (Fig. 5) . 2D10 served as a positive control, and was able to compete with itself in a dose-dependent manner. 2H2 also was able to compete with 2D10 in a dose-dependent manner for binding to DBP-II. Neither 3D10 nor 2C6 competed with 2D10, because their epitopes are distinct (Figs. 4 D and E and 6A). Taken together, our results demonstrate that 2D10 and 2H2 bind to similar epitope surfaces on DBP-II and likely have similar inhibitory mechanisms.
Discussion
The central role of DBP in P. vivax infection cements its importance as a vaccine target for P. vivax malaria (11). Anti-DBP-II Abs can inhibit DBP-DARC receptor binding and parasite invasion (7, 9, 18, 19, 32) ; however, high d N /d S ratios in DBP-II, a pattern seen when selective pressure drives allelic diversity as a mechanism for immune invasion (47) (48) (49) , result in diverse polymorphic populations within endemic regions that manifest as mixed infections with multiple strains. These polymorphisms result in strain-specific immune responses that render individuals susceptible to future infections by alternate strains and require vaccine efforts to preemptively account for this vulnerability (50) . Two approaches to overcoming this variability involve multiallele vaccines and artificially engineered synthetic immunogens (8, 37, 38, 47) . Both approaches require the identification of broadly neutralizing epitopes as described here. We have identified the first, to our knowledge, structure of DBP-II bound to an inhibitory mAb 2D10. The epitope lies within residues 413-441 at the tail end of the helical bundle that composes SD3 (Fig. 1) . Through extensive analysis involving SAXS, sequence analyses, HDX-MS, and ELISA, we have demonstrated that a second inhibitory mAb, 2H2, has a similar paratope and epitope as 2D10. We also mapped the epitope of a third inhibitory mAb, 2C6, to a distinct helical face on SD3 (Fig. 4) . In addition to the three highly inhibitory mAbs, we mapped the epitope of a noninhibitory mAb, 3D10, to the N-terminal end of SD1 (Fig. 4) . HDX-MS and epitope mapping via in silico designed mutant panels are valuable new approaches to identifying mAb epitopes that are difficult to study via crystallography. In addition, the epitopes for inhibitory mAbs 2D10, 2H2, and 2C6 in SD3 suggest that a secondary receptor-binding event may occur between DARC and DBP-II outside of previously identified primary DARC-binding sites in SD2 (18, 19) . The tail end of SD3 may contact extracellular loops linking the seven transmembrane regions of DARC that may play a role in DBP binding (51) .
The polymorphic nature of DBP-II is reminiscent of highly variable viral surface proteins. bnAbs that engage the conserved receptor-binding site of HIV have been identified, some of which have the ability to neutralize 90% of known HIV strains (39) . Similarly, bnAbs that recognize the conserved stem region of hemagglutinin are broadly protective against influenza (40) . Comparison of the DBP mAb epitopes with naturally occurring polymorphisms revealed a lack of high-frequency polymorphisms in epitopes (Fig. 6B) . This is consistent with the ability of these mAbs to bind divergent DBP alleles (32) . DBP sequences that represent global diversity (35) were analyzed for retention of the 2D10, 2H2, and 2C6 epitopes. The 2D10 and 2H2 epitopes (residues 413-441) were invariant in 92.5% of the DBP sequences examined, whereas the 2C6 epitope (residues 465-485) was invariant in 94.4% of the DBP sequences examined. Together, 2D10, 2H2, and 2C6 recognize broadly conserved epitopes and likely function as bnAbs that will be effective against multiple pathogenic strains.
The identification of these protective motifs will aid tremendously in the design of DBP-II based vaccines that will impart global strain-transcending protection (8, 38, 47) . Our findings characterize motifs that should be included in all future DBP-II vaccine designs and shed light on the mechanistic and structural process of how DBP engages DARC. Future studies will seek to map additional conserved protective motifs on DBP-II. The identification of additional DBP-DARC interaction sites will also be explored to fully characterize the DBP-DARC interaction. The results from both endeavors will significantly bolster the ability to create broadly protective vaccines against P. vivax malaria.
Experimental Procedures
Protein Expression and Purification. Sal-1 DBP-II, BirA-tagged Sal-1 DBP-II, and DBP-II mutants were prepared as described previously (18, 19) . Inclusion bodies were solubilized in 6 M guanidinium hydrochloride and refolded via rapid dilution into 400 mM L-arginine, 50 mM Tris (pH 8.0), 10 mM EDTA, 0.1 mM PMSF, 2 mM reduced glutathione, and 0.2 mM oxidized glutathione. Refolded proteins were captured on SP Sepharose Fast Flow resin (GE Healthcare) and purified by size-exclusion chromatography (GF200; GE Healthcare). For crystallization, Sal-1 DBP-II was further purified by ion exchange chromatography (HiTrapS -GE Healthcare) and size-exclusion chromatography (GF75; GE Healthcare) into Buffer A [10 mM Hepes (pH 7.4) and 100 mM NaCl].
Fab Generation and Purification. Fab fragments for 2D10, 2H2, and 2C6 were generated from IgG using immobilized papain and protein A resin (Thermo Fisher Scientific) as described previously (31) . The eluted Fab fragments were purified by size-exclusion chromatography in Buffer A.
Antibody Sequencing. RNA was extracted from hybridoma cells using QiaShredder (Qiagen) and the RNeasy Mini Kit (Qiagen). The 5′ RACE Kit (Invitrogen) was used to obtain cDNA for the heavy chain and light chain variable regions. RACE primers for the heavy chain were GSP1 for the IgG 1 isotype, TGCATTTGAACTCCTTGCC, and GSP2 for the IgG 1 isotype, CTTTGG-GGGGAAGATGAAG. RACE primers for the light chain were GSP1 for Cκ, CACTCATTCCTGTTGAAGC, and GSP2 for Cκ, CTTGTGAGTGGCCTCACAGG. cDNA was TOPO cloned (Invitrogen) and sequenced.
Synthesis and Expression of mAb 2D10 scFv. The light chain variable region was linked to the heavy chain variable region using a (GGGGS) 3 linker and cloned into the pHLSec expression vector using restriction sites AgeI/KpnI (52) Structure Solution and Analysis. The DBP-II/2D10 scFv structure was solved by molecular replacement in PHASER (54) using PDB 4NUV and a modeled scFv domain from the PIGS server (55) as starting models. Rigid body refinement in PHENIX (56) resulted in R work /R free of 41.24%/42.48%. DEN refinement in CNS (57) , followed by refinement in PHENIX and rebuilding in COOT (58) led to a final model with R factor /R free of 26.69%/29.97% with good geometry, as reported by MOLPROBITY (59) (Table S1 ). Interaction interfaces were determined using PDBePISA (60) . Software used in the project was installed and configured by SBGrid (61) . Atomic coordinates and structural factors have been deposited into the Protein Data Bank (ID code 5F3J).
SAXS. Data for 2D10, 2H2, and 2C6 DBP-II/Fab were collected at the SIBYLS beamline 12.3.1 at ALS using standard procedures (62) , and analyzed using the ATSAS package, version 2.5.2-1 (63). Data quality was assessed using PRI-MUS. Experimental profiles were compared with the structure using CRYSOL. Ab initio model generation was performed in DAMMIF, and the filtered average envelope of 10 models was obtained by DAMAVER. SUPCOMB20 was used to align structures and SAXS reconstructions. The MW estimate was obtained using SAXS-MOW (44) . Pairwise SAXS comparisons were performed using the volatility of ratio (V R ) metric (45) .
Hydrogen-Deuterium Exchange Mass Spectrometry. Each holo-state sample was prepared by incubating 10 μM PvDBP with 12 μM of mAb in PBS for 30 min at 25°C. The apo-state sample was 10 μM PvDBP in PBS. Continuous HDX on apo-and holo-state samples were performed at 10, 30, 60, 120, 900, 3,600, and 14,400 s, as described previously (64) . To better reduce and denature the highly disulfide-bonded antigen for comprehensive coverage, an intensive quenching and reducing protocol was developed that included a high concentration of the reducing agent, increased temperature, and prolonged incubation. Porcine pepsin, guanidine hydrochloride, water, acetonitrile, formic acid, trifluoroacetic acid, sodium hydroxide, and PBS were purchased from Sigma-Aldrich. Tris-(2-carboxyethyl) phosphine hydrochloride was purchased from Pierce Biotechnology. D 2 O was purchased from Cambridge Isotope Laboratories.
ELISA Binding Assays with Anti-DBP mAbs. The ELISA assays were performed as described previously (25) . In brief, BSA, Sal1 DBP-II, and DBP-II mutants were coated on plates overnight at 4°C, washed with PBS/ Tween-20, and blocked with 2% BSA in PBS/Tween-20 for 1 h at room temperature. The plates were washed with PBS/Tween-20 and then incubated with each mAb (2D10, 2H2, 3D10, and 2C6) for 1 h at room temperature. Then the plates were washed again with PBS/Tween-20 and incubated with an anti-mouse antibody conjugated to Alexa Fluor 488 for 30 min at room temperature. After a final washing step, the fluorescence was measured using a POLARstar Omega plate reader (BMG Labtech).
Biotinylation of BirA-Tagged Sal-1 DBP-II. BirA-tagged Sal-1 DBP-II was bufferexchanged into biotinylation buffer [100 mM Tris (pH 7.5), 200 mM NaCl, and 5 mm MgCl 2 ]. Then 50 μL of BiomixA (Avidity), 50 μL of BiomixB (Avidity), and 100 μL of d-biotin (Avidity) were added to the protein along with BirA ligase, followed by overnight incubation at 4°C. The reaction mix was buffer-exchanged into PBS before use.
Competition ELISA with Anti-DBP mAbs. Here 10 μg of mAb 2D10 per well was coated on plates overnight at 4°C, then washed with PBS/Tween-20, and blocked with 2% BSA in PBS/Tween-20 for 1 h at room temperature. The plates were washed again with PBS/Tween-20, incubated with 100 μL mixtures of 2.5 μg of biotinylated Sal-1 DBP-II and either 1 μg, 10 μg, or 100 μg of competitor for 1 h at room temperature. The plates were washed with again PBS/Tween-20 and then incubated with 100 μL of a 1:5,000 dilution of streptavidin-HRP (Thermo Fisher Scientific) for 1 h at room temperature. Then 100 μL of 3,3′,5,5′-Tetramethylbenzidine (SigmaAldrich) was added, and the reaction was quenched with 100 μL of 2 M H 2 SO 4 . Absorbance at 450 nm was measured using a POLARstar Omega (BMG Labtech) plate reader. 5 . Competition ELISA demonstrates that 2D10 and 2H2 share the same epitope. mAbs 2D10, 2H2, 3D10, and 2C6 were tested at different molar ratios to 2D10 (0.1×, 1×, and 10×) for the ability to compete with 2D10 for binding to DBP. All error bars are ±1 SD, calculated from three replicate experiments.
DQ156513, DQ156515, DQ156522-DQ156523, AF215737-AF215738, AF220657, AF220659-AF220667, FJ491142-FJ491241, EF219451, EF368159-EF368180, EF379127-EF379132, EF379134, GU143914-GU144013, DQ156520, EU812839-EU812960, and EU860428-EU860438), aligned using ClustalW, and inspected in JalView. All 599 sequences contained complete coverage for the 2D10 and 2H2 epitopes, and 195 sequences contained complete coverage of the 2C6 epitope.
